Abstract Overproduction of free radicals can damage cellular components resulting in progressive physiological dysfunction, which has been implicated in many human diseases. Oxidative damage to RNA received little attention until the past decade. Recent studies indicate that RNA, such as messenger RNA and ribosomal RNA, is very vulnerable to oxidative damage. RNA oxidation is not a consequence of dying cells but an early event involved in pathogenesis. Oxidative modification to RNA results in disturbance of the translational process and impairment of protein synthesis, which can cause cell deterioration or even cell death. In this review, we discuss the mechanisms of oxidative damage to RNA and the possible biological consequences of damaged RNA. Furthermore, we review recent evidence suggesting that oxidative damage to RNA may contribute to progression of many human diseases.
Introduction

Free radicals
Free radicals are chemical species which contain one or more unpaired electrons in their outer orbit. These unpaired electrons are usually highly reactive, so free radicals are likely to take part in chemical reactions. An unpaired electron is conventionally denoted by a superscript dot: X Á .
There are three biologically important free radicals in our body: the oxygen species, superoxide O 2 Á-, the hydroxyl radical OH Á , and the reactive nitrogen species NO Á . Each plays a significant physiological role in the body; for example, they are involved in killing invading microorganisms [1] and in cell signaling processes [2] . However, because of their reactivity, these free radicals can participate in unwanted side reactions resulting in cell damage. Many forms of cancer are thought to be the result of reactions between free radicals and DNA that result in mutations that can adversely affect the cell cycle and potentially lead to malignancy. Some of the symptoms of aging such as atherosclerosis have also been attributed to free radical-induced oxidation of many of the chemicals making up the body [3, 4] . In addition, free radicals contribute to alcohol-induced liver damage, perhaps more than alcohol itself [5] . Free radicals also play a critical role in the pathogenesis of many neurological disorders, including among others Alzheimer's disease (AD), Parkinson's disease (PD), amyotrophic lateral sclerosis (ALS), spinal cord injury (SCI), and epilepsy. Superoxide O 2 Á-is biologically quite toxic and is deployed by the immune system to kill invading microorganisms. In phagocytes, superoxide is produced in large quantities by the enzyme NADPH oxidase for use in oxygen-dependent killing of invading pathogens [6] . Superoxide is also deleteriously produced as a byproduct of mitochondrial respiration together with several other enzymes, for example xanthine oxidase. Because superoxide is toxic, nearly all organisms living in the presence of oxygen contain isoforms of the superoxide scavenging enzyme, superoxide dismutase (SOD), which catalyzes the dismutation of superoxide into oxygen and hydrogen [8] . In addition, glutathione peroxidase can also reduce hydrogen peroxide by transferring the energy of the reactive peroxides to a very small sulfur-containing tripeptide called glutathione (GSH). In the process, GSH is converted to its oxidized form GSH disulfide (2GSH ? H 2 O 2 ? GS-SG ? 2H 2 O) [9] . Superoxide as well as hydrogen peroxide is not only an injurious byproduct of cellular metabolism but also an essential participant in cell signaling and regulation.
The hydroxyl radical (OH Á ) has a very short in vivo halflife of approximately 10 -9 s and a high reactivity [10] . This makes it a very dangerous compound to the organism. Unlike superoxide, which can be detoxified by SOD, the hydroxyl radical cannot be eliminated by an enzymatic reaction. As diffusion is slower than the half-life of the molecule, it reacts with any oxidizable compound in its vicinity. It can damage virtually all types of macromolecules: carbohydrates, nucleic acids, lipids, and amino acids.
Nitric oxide (NO) is an important signaling molecule in the body, participating in diverse biological processes, including vasodilation, bronchodilation, neurotransmission, and antimicrobial activity [11] . It is biosynthesized endogenously from arginine and oxygen by various NO synthase (NOS) enzymes. The NO molecule is a free radical. NO is generated by phagocytes as part of the human immune response. Phagocytes are armed with inducible NO synthase which can be activated by cytokines or microbial products [12] . NO is a relatively long-lived free radical species, with high diffusibility and selective reactivity. Most biological actions of NO appear to be mediated by interactions with paramagnetic centers in effector proteins, such as heme-or iron-sulfur centers. It is also known to react rapidly with other targets that carry unpaired electrons. NO can react with superoxide to produce the damaging oxidant peroxynitrite
. Peroxynitrite itself is a highly reactive species which can directly react with various components of the cell.
Oxidative damage
Overproduction of the above free radicals can damage all components of the cell, leading to a progressive decline in physiological function. For example, reactive oxygen species (ROS) can attack proteins causing their carbonylation, which is an irreversible oxidative damage, often leading to a loss of protein function and protein aggregation [13] . Peroxynitrite is able to nitrate tyrosine residues in proteins (protein nitration), leading to alterations in protein activity [14] . Free radicals can ''steal'' electrons from the lipids, often affecting polyunsaturated fatty acids, in the cell membranes (lipid peroxidation), resulting in degradation of lipids and cell damage. In addition, some end-products of lipid peroxidation, such as malondialdehyde, are mutagenic and carcinogenic [15] . Furthermore, ROS can damage DNA, most readily at guanine residues, which causes mutations resulting in inheritable disease, cancer and aging [16] . In the past decades, these processes of oxidative damage have been well characterized in a large variety of diseases and disorders of physiological dysfunction.
However, until the past decade, oxidative damage to RNA drew little attention, even though RNA is more vulnerable than other cellular components. Here, we discuss the mechanisms of oxidative damage to RNA and the possible biological consequences of damaged RNA. Furthermore, we review the recent evidence suggesting that oxidative modification to RNA may contribute to cell deterioration in many neurological disorders and also other human diseases associated with oxidative stress/damage.
Mechanisms of oxidative damage to RNA
Structural changes in oxidized RNA
Out of a wide variety of free radicals generated in living cells during normal metabolism and by exogenous sources, the hydroxyl radical (OH Á ) is highly reactive and could well be directly responsible for most of the oxidative damage in biological macromolecules, including RNA. Hydroxyl radicals, produced in the vicinity of RNA, can easily modify RNA because they are highly reactive and cannot diffuse from their sites of formation. Therefore, hydroxyl radical-induced modifications constitute the most varied class of RNA damage. More than 20 different types of base damage by hydroxyl radicals have been identified [17] . The most prevalent oxidized base in RNA is 8-hydroxyguanosine (8-OHG) (Fig. 1) . The highly reactive hydroxyl radical first reacts with guanine to form a C8-OH adduct radical. Then the loss of an electron (e -) and proton (H ? ) generates 8-OHG.
Detection and isolation of oxidatively damaged RNA High-performance liquid chromatography-electrochemical detection (HPLC-ECD) is a common method used to detect/quantify oxidation products, such as 8-OHG, in tissues, cerebrospinal fluid (CSF), serum, and urine. Abe et al. applied HPLC-ECD to measure the 8-OHG levels in the CSF and the serum of patients with AD. They reported a significant increase in the concentration of 8-OHG in the CSF, but not in the serum, of AD patients [18] . This group, using the same approach, also found an increase in 8-OHG levels in the CSF of patients with PD [19] . Furthermore, Hofer et al. developed a method for the simultaneous analysis of oxidized RNA and DNA guanine products in tissues using HPLC-ECD [20] . They reported a greater RNA than DNA oxidation in rat liver after administration of doxorubicin, an antitumor antibiotic used to treat many human neoplasms.
Another way to detect oxidation products is the use of antibodies. The monoclonal antibodies 15A3 and 1F7 are the most commonly used antibodies for detection of 8-OHG in RNA and 8-OHdG in DNA. These antibodies have high specificity and affinity for 8-OHdG and 8-OHG [21, 22] . Both antibodies have been used in studying RNA oxidation in various human diseases by immunocytochemical and biochemical approaches. A series of elegant studies by the group of Smith and Perry, examining postmortem brains by immunocytochemistry, demonstrated that RNA oxidation is involved in a wide variety of neurological diseases, including AD [23, 24] , PD [25, 26] , Down syndrome [27] , dementia with Lewy bodies [28] , and prion diseases [29] . Other researchers have also reported that RNA oxidation is involved in other neurological conditions, including mild cognitive impairment (MCI) [30] , subacute sclerosing panencephalitis [31] , and xeroderma pigmentosum [32] .
Immunoblot analysis is one way to detect RNA containing 8-OHG. Our group applied Northwestern analysis to examine poly(A)
? mRNAs isolated from the brains of patients with AD and showed an increase in poly(A) ? mRNAs oxidation in the brains [33] . Ding et al. [34] applied slot blot analysis to demonstrate elevation in RNA oxidation within ribosome complex of the brains of patients with AD and MCI. This group, also using same approach, found an increase in RNA oxidation following proteasome inhibition in astrocyte and neuron cultures [35] . Gorg et al. [36] applied both Northwestern and slot blot analysis to demonstrate increased RNA oxidation in rats treated with ammonia, a model of hepatic encephalopathy.
However, the above methods cannot further analyze oxidized RNA species. We previously developed an immunoprecipitation procedure using 15A3 antibodies to separate oxidized RNAs from non-oxidized RNAs, which allowed us to quantify oxidized RNA levels and identify oxidized RNA species [33] . We applied this procedure to analyze oxidized RNA species in AD and ALS post-mortem tissues [33, 37, 38] .
Types of oxidized RNA
As has been known for decades, poly(A)
? mRNAs make up a very small percentage of total cellular RNA (about 1-2%) [39] . The majority of cellular RNA is composed of ribosomal RNAs (rRNAs) and transfer RNAs (tRNAs). In addition, there are a great many more types of different noncoding RNAs, including microRNAs (miRNAs), small nucleolar RNAs (snoRNAs) and small nuclear RNAs (snRNAs). These noncoding RNAs play critical roles in, for example, pre-mRNA splicing, nonsplicing RNA modifications and mRNA translational regulation [40] . Our group has demonstrated that significant amounts of poly(A)
? mRNAs are oxidized in areas affected by AD ( Fig. 2 ) and ALS affected areas [33, 37, 38] . Honda et al. [24] reported that rRNAs in areas affected by AD are oxidized by bound redox-active iron. Ding et al. [41] also reported increased rRNA oxidation in the brains of patients with AD and MCI. Whether other types of cytoplasmic RNAs, such as tRNA and miRNA, are oxidatively damaged in diseased tissues requires further investigation.
More vulnerable than other cellular components
Several lines of evidence suggest that RNA is more vulnerable to oxidative damage than other cellular components. Nunomura et al. [23] used the in situ immunohistochemistry approach to identify oxidized nucleosides in tissue from AD patients and found that most of the oxidized nucleosides are associated with cytoplasmic RNA, not nuclear DNA or mitochondrial DNA. This phenomenon was also observed in post-mortem tissues from those with many other neurodegenerative diseases [28, 38] , in a transgenic mouse model of ALS expressing SOD1 G93A mutation (SOD1 G93A mice) [38] , in cell culture models of oxidative stress [37] , in a mouse model of SCI (F. Sun and C. Lin, unpublished observation), and in a mouse model of epilepsy (Q. Kong and C. Lin, unpublished observation). These studies indicate that RNA is more vulnerable to oxidative damage than DNA. Furthermore, in the study of RNA oxidation in SOD1 G93A mice [38] , there was no increase (or only slight increases) in protein carbonylation or lipid peroxidation, while a significant increase in RNA oxidation was detected in the spinal cords of the SOD1 G93A mice at the presymptomatic stage. This suggests that RNA is probably more vulnerable to oxidative damage than proteins and lipids.
An early event in the process of neurodegeneration There are many studies that indicate that RNA oxidation is an early event in the pathological cascade of neurodegeneration. Increased RNA oxidation has been observed in post-mortem brains of subjects with MCI [30, 41] , which is a transitional condition between normal aging and dementia. It has also been observed in a presymptomatic subject with a familiar AD mutation [42] . Studies on the relationship between oxidative damage and pathological changes in AD have revealed that neuronal RNA oxidation precedes the formation of amyloid b (Ab) or tau pathology [43] .
These observations in post-mortem tissues are supported by studies in mice and cultured neurons. SOD1 G93A mice develop clinical and pathological phenotypes similar to those in ALS patients. These mice develop hind-limb weakness around 3 months of age that progresses to hyperreflexia, paralysis and death around 4 months of age. In these mice, increased RNA oxidation, primarily in the motor neurons and oligodendrocytes of the spinal cord, occurs as early as 1 month of age, progressively increases with age until it peaks at 2 months of age and then diminishes when the motor neurons begin to degenerate (Fig. 3) . Similarly, increased RNA oxidation also occurs in the presymptomatic stage in transgenic mice expressing other ALS-linked mutant SOD1, suggesting that RNA oxidation may be a common early event preceding motor neuron degeneration in ALS [38] . We have also observed a similar phenomenon in a mouse model of SCI (F. Sun and C. Lin, unpublished observation) and in a mouse model of epilepsy (Q. Kong and C. Lin, unpublished observation). Furthermore, our group used primary cortical cultures to investigate the relationship between RNA oxidation and neuron degeneration induced by insults that mediate the production of ROS, including hydrogen peroxide, glutamate and Ab peptide [44] . We have also observed that RNA oxidation occurs at an early stage primarily in a distinct group of neurons that later die. These studies clearly indicate that RNA oxidation is an early event far preceding neuron degeneration, and is therefore not a consequence of cells dying.
Selective mRNA oxidation
We have observed an interesting phenomenon while analyzing oxidized mRNA species by filter array and DNA microarray. We found that mRNA oxidation is not random Fig. 2 Significant amounts of mRNAs are oxidized in the frontal cortices of AD patients. a Southern blot analysis of oxidized (O) and non-oxidized (N) mRNA pools prepared from the frontal cortices from AD patients or normal controls (n = 6 per group). Oxidized mRNAs were separated from non-oxidized mRNAs by immunoprecipitation with 15A3 antibodies. Both oxidized and non-oxidized mRNA pools were then reverse transcribed to cDNAs. DIG-labeled dUTPs were incorporated into cDNAs to facilitate analysis by Southern blotting. b Densitometric analysis of the Southern blot results reveals that 52.3 ± 6.15% of total mRNA is oxidized in the brains of AD patients while only 1.78 ± 0.56% of total mRNA is oxidized in those of normal controls. Values are means ± SEM; **P \ 0.001. Details are provided in reference [37] but highly selective. Some mRNA species are more susceptible to oxidative damage. This phenomenon was observed in AD and ALS post-mortem tissues [33, 38] , SOD1 G93A mice [38] , and primary cortical cultures treated with oxidative insults described above [44] . Selective mRNA oxidation is not due to the abundance of mRNA species. For instance, b-actin and MAP-2 mRNAs are abundant mRNA species, but only very small amounts of b-actin and MAP-2 mRNAs are oxidized. We have examined RNA sequences and RNA structures for those identified mRNA species, but found no common motifs or structures. The mechanisms underlying the selective mRNA oxidation remain unknown.
Consequences of oxidatively damaged RNA
Defective protein synthesis
Our group has investigated how oxidative modification of mRNA affects the downstream translational process by translating oxidized mRNAs in rabbit reticulocyte lysates and by expressing oxidized mRNAs in cell lines [33, 44] . We observed that oxidative modification of mRNA causes reduced protein production. Polyribosome analysis of the oxidized mRNAs translated in rabbit reticulocyte lysates showed that oxidative modification of mRNA causes an abnormal increase in the association of mRNAs with polyribosomes during translation [44] . The results suggest that oxidized bases on mRNA may cause ribosome stalling on the mRNA or slow the translational process, leading to a decrease in protein expression. Importantly, in the study of SOD1 G93A mice, we also revealed that proteins corresponding to oxidized mRNA species are significantly decreased (Fig. 4) [38] . These studies indicate that oxidative modification of mRNA affects the translational process. The detailed mechanism of how oxidized bases on mRNA affect the translational process needs to be further explored.
Furthermore, Ding et al. [41] reported a significant impairment in ribosome function in the affected areas of AD and MCI subjects. This impairment is associated with a decreased rate of and capacity for protein synthesis, decreased rRNA and tRNA levels, and increased RNA oxidation. In addition, impaired protein synthesis and decreased RNA levels were also observed in cultured neurons treated with an oxidative stressor (hydrogen peroxide) [45] . Taken together these results indicate that oxidative modification of RNA can affect the translational process and consequently less protein and/or defective protein is produced, which may have detrimental effects on cellular function. [38] Removal and/or repair The detailed mechanisms of how cells handle oxidatively damaged RNA under normal physiological conditions remain largely unexplored. For the mRNAs, there are four possible scenarios which can occur when the translational machinery encounters an oxidized base on mRNA. First, translational processes may terminate at the oxidized site and produce truncated proteins. Tanaka et al. [46] reported that oxidized mRNA induces translation errors, producing short polypeptides because of premature termination or translation error-induced degradation. However, we did not detect truncated proteins produced from oxidatively damaged mRNAs in our studies [33, 44] . Second, oxidized bases on mRNAs may alter the base-pairing capacity with tRNA and consequently produce mutated proteins. Currently, there are no reports supporting this possibility. We have performed mass spectrometry of products translated from oxidized mRNAs but found no mutated proteins.
Third, oxidized RNA may be recognized and subject to degradation. Quality control of gene expression operates post-transcriptionally at various levels in eukaryotes. For example, nonsense-mediated mRNA decay (NMD) is an RNA surveillance mechanism that rapidly degrades mRNAs harboring premature termination codons [47] . Mutant mRNAs that have an in-frame stop codon upstream of the normal stop codon are recognized by the NMD machinery, leading to mRNA destabilization. There is a possibility that similar RNA surveillance mechanisms are present in cells for removing oxidatively damaged mRNAs. It is possible that the translational process may terminate when translational machinery encounters the oxidatively modified bases on mRNA. This aberrant termination may trigger the NMD-like machinery, which directs the oxidized mRNAs to degradation. It has been shown that Y box-binding protein (YB-1) has the ability to bind specifically to 8OHG-containing RNA, which may discriminate the oxidized RNA from normal RNA, thereby sequestrating the damaged RNA from the translation and directing the oxidized RNA to degradation [48, 49] . Finally, oxidized bases may be repaired. Alkylation damage in RNA can be repaired by the E. coli enzyme AlkB and its human homologue hABH3 by hydroxylation of the methyl group on damaged RNA bases, thereby directly reversing alkylation damage [50] . Although no repair enzyme for oxidized mRNA has yet been found, there is a possibility that such an enzyme is present in cells, as mRNA oxidation occurs no less frequently than methylation.
Role of RNA oxidation in the pathogenesis of various diseases
Alzheimer's disease An estimated 35 million-plus people worldwide had AD in 2009. AD is the most common neurodegenerative disease, and is characterized by progressive loss of neurons, particularly in the cortex and hippocampus [51] . The clinical hallmarks are progressive impairment in memory, judgment, language, and orientation to physical surroundings. The pathological hallmarks are loss of neurons and synapses, extracellular senile plaques containing the Ab peptide, and neurofibrillary tangles (aggregates of the microtubule-associated protein tau).
Oxidative damage has been implicated as an important mediator in the onset, progression and pathogenesis of AD. Redox-active metals, such as iron, are important causes of oxidative damage in AD because they accumulate in the brain of AD patients and are sources of redox-generated hydroxyl radicals. In the brain of AD patients, excessive amounts of iron have been found to accumulate within the mice (G93A) and nontransgenic littermates (WT) (n = 3). Mouse anti-NADH-ubiquinol oxidoreductase antibodies and rabbit anti-EAAT3 antibodies were used. A decrease in protein levels in SOD1 G93A mice was found in NADH-ubiquinol oxidoreductase subunit 39 kDa (NADH oxi), whose mRNAs were highly oxidized, but not in EAAT3 protein, whose mRNAs were not oxidized. Scale bar 25 lm. b Statistical analysis of immunoreactivity within motor neurons (n = 20). Values are means ± SEM; *P \ 0.0001. Details are provided in reference [38] senile plaques and neurofibrillary tangles in the affected areas [52] [53] [54] [55] [56] . In addition, the vulnerable neurons in the earliest stages of the disease show elevated iron deposition [57] . Furthermore, iron can promote the cleavage and synthesis of Ab precursor protein in an oxidative stressmediated pathway [58] [59] [60] . Moreover, Ab can be oxidatively modified by metal-catalyzed hydroxyl radicals and become more water-insoluble and resistant to the protease [61] .
In 1999, Nunomura et al. [23] examined oxidized nucleosides in the brains of AD patients and found that oxidative damage to nucleic acids occurs predominantly in cytoplasmic RNA and is restricted to vulnerable neurons. Honda et al. [24] later showed that RNA-bound iron plays a pivotal role in RNA oxidation. They observed that the cytoplasm of hippocampal neurons showed significantly higher redox activity and iron staining in the brains of AD patients than that in the brains of age-matched controls. Importantly, both iron staining and redox activity were susceptible to RNase treatment, suggesting a possible physical association between iron and RNA. Consistently, ribosomes purified from hippocampi of the brains of AD patients contained significantly higher levels of RNasesensitive iron and redox activity than those of the controls. The results of this study suggest that rRNA in AD is oxidized by bound redox-active iron.
Our group has investigated mRNA oxidation in the brains of AD patients. We determined the magnitude of mRNA oxidation by an immunoprecipitation procedure (described above). The results showed that up to 50% of mRNAs are oxidatively damaged in the frontal cortices of AD patients diagnosed as the mild or moderate stage, while less than 2% of the mRNAs were oxidized in age-matched controls (Fig. 2) [37] . Furthermore, we previously cloned oxidized mRNAs [33] and also recently performed DNA microarray analysis to identify oxidized mRNA species. The results showed that many oxidized mRNA species are related to AD-either the mRNAs have been characterized in AD or their protein functions have been implicated in the pathogenesis. RNA oxidation may be an important factor that causes neuron deterioration in AD.
Parkinson's disease
There are likely to be more than 6 million people worldwide with PD. PD is the second most common neurodegenerative disease after AD. It is characterized clinically by muscular rigidity, resting tremor, bradykinesia, and postural instability [62] . The pathological hallmarks are loss of dopaminergic neurons in the substantia nigra in association with the presence of the intracytoplasmic neuronal inclusions (Lewy bodies) of asynuclein [63] .
Oxidative stress has been identified as one of the pathogenic factors. In PD patients, ROS, such as hydrogen peroxide, can be generated by dopamine redox chemistry through the Fenton reaction, as dopamine is a good metal chelator and electron donor that reacts with iron and manganese [64, 65] . An increase of metal iron(III) and total iron concentration has been found in the post-mortem substantia nigra of PD patients [66] . Furthermore, studies have indicated that mutation in a-synuclein could promote the accumulation and interaction of dopamine with iron and thus enhance ROS production [67] . Manganese can also cause oxidative damage to DNA, induce dopaminergic neuronal loss through apoptotic pathways, and reduce antioxidants such as GSH, catalase and thiols [68] [69] [70] [71] [72] . Beside the oxidative damage to lipid, protein and DNA [25, [73] [74] [75] , elevated RNA oxidation has also been observed in both postmortem substantia nigra tissue and CSF from living PD patients [19, 25, 26] . Investigations of the relationship between the levels of 8-OHG in the CSF and the duration of disease suggest that RNA oxidation may occur in the early stage of PD. Further studies are needed to determine if RNA oxidation contributes to the pathogenesis of PD.
Amyotrophic lateral sclerosis ALS is a fatal neurodegenerative disorder characterized by progressive degeneration of motor neurons in the spinal cord, motor cortex and brainstem [76] . Approximately 5-10% of patients with ALS show familial inheritance (familial ALS, FALS). In the majority of patients, there is no inherited link, i.e. sporadic ALS (SALS). Both FALS and SALS produce similar pathological changes and symptoms. Our group has investigated RNA oxidation in ALS (both SALS and FALS) post-mortem tissues and found that poly(A)
? mRNAs are oxidatively damaged in the affected areas of ALS patients [38] .
In about 20% of FALS patients, there is mutation in the gene encoding the antioxidant enzyme Cu 2? /Zn 2? SOD (SOD1). In transgenic mice overexpression of some of FALS-linked mutant SOD1 proteins results in the development of a neurological disorder that resembles ALS [77] . Mutant SOD1 causes motor neuron degeneration by the acquisition of a toxic gain of function rather than by the loss of enzymatic activity [76] . Moreover, mutant SOD1 toxicity to motor neurons is non-cell autonomous, i.e. mutant damage is required within both motor neurons and non-neuronal cells [78] . One of the proposed mechanisms is that mutations promote oxidative stress by weakening catalytic copper binding and buffering [79] . Treatment of various antioxidants has been tested in mutant SOD1 transgenic models. Such treatments have resulted in delayed disease onset and in some cases, have slowed disease progression (for review see reference [80] ).
We have investigated the role of mRNA oxidation in the pathogenesis of mutant SOD1-mediated motor neuron degeneration using SOD1 G93A mice, the most commonly used transgenic mouse in ALS basic research [38] . This was the first study using an animal model of the disease to demonstrate the role RNA oxidation in the process of neuron degeneration. There are several important findings of this study. First, RNA oxidation in motor neurons occurs at an early presymptomatic stage far preceding motor neuron degeneration, and is therefore not a consequence of motor neurons dying, as described above (Fig. 3) . Second, many mRNA species that have been found to be highly oxidized in SOD1 G93A mice are related to ALS, including mRNAs encoded for SOD1, dynactin 1, vesicle-associated membrane protein 1 (VAMP), and neurofilament subunits. Third, the protein expression levels for the oxidized mRNA species are significantly decreased (Fig. 4) . This indicates that oxidative modification of mRNA does cause reduced protein expression and/or induces translation errors in vivo. Finally, we observed that vitamin E treatment reduces oxidized mRNA levels, restores protein expression levels and partially protects vulnerable motor neurons. The results of this study suggest that RNA oxidation promotes motor neuron deterioration during the disease process.
Spinal cord injury
In the United States, a new SCI is sustained on average every 40-50 min, which represents about 10,000 new cases each year. Most SCIs result from a contusion-type injury in which the vertebral bodies and/or intervertebral discs are rapidly displaced into the spinal canal causing crushing and bruising of the delicate spinal tissue [81, 82] . The initial impact leads to immediate hemorrhage and rapid cell death at the impact site. After the initial mechanical destruction, SCI progresses over time with the induction of a delayed cell death cascade which results in lesion enlargement. This secondary injury is the current research focus and a treatment target for SCI. Free radical formation is believed to be a critical component of secondary injury evolution.
During the development of secondary injury, several free radical pathways are activated by increased intracellular calcium, which is mediated by glutamate and cytokine release after the initial injury. The quickly increasing reactive free radicals in turn closely cooperate with glutamate and cytokines to enhance the oxidative stress propagation and contribute to the spreading of secondary cell death [83] . There is substantial evidence that oxidative damage is a critical component during the development of secondary injury [84] [85] [86] [87] [88] [89] [90] [91] [92] [93] [94] .
We have investigated RNA oxidation after spinal cord contusion injury in rats. We observed a significant increase in RNA oxidation in the lesion center immediately after the injury and the level remained high over 3 h (unpublished data), while in the cord segment rostral to the lesion center (10 mm), RNA oxidation did not increase significantly until 3 h after the injury. Increased RNA oxidation primarily occurred in the neurons around the lesion center at an early stage and in the oligodendrocytes during secondary injury progression, and these cells died later. These results indicate a spreading pattern of the RNA oxidation from the lesion site to distal areas, and this coincides with the developmental pattern of the secondary injury. These results suggest that RNA oxidation may play an important role in the development of secondary injury.
Epilepsy
As a common chronic neurological disorder, epilepsy is characterized by recurrent unprovoked seizures. It afflicts more than 50 million people worldwide. Previous studies have demonstrated that seizure-induced mitochondrial dysfunction and excess free radical production cause oxidative damage to cellular components and initiate the mitochondrial apoptotic pathway [95, 96] . Oxidative stress is also considered an important consequence of excitotoxicity [97] [98] [99] [100] , one of the proposed mechanisms for seizure-induced brain damage [101] . Seizure-induced pathology can be partially prevented by treatment with antioxidants including SOD mimetics, melatonin, spin traps, vitamin C, and coenzyme Q10 ( [102] [103] [104] [105] ; unpublished data). Oxidative damage has been reported in proteins, lipids and mitochondrial DNA after seizure activity [106] [107] [108] .
Our group has recently investigated whether RNA oxidation plays a role in epileptogenesis, a series of events that occur between the event that causes epilepsy and the first spontaneous seizure. The pilocarpine-induced status epilepticus model was used in this study. We observed a significant increase in RNA oxidation in vulnerable neurons of mouse brain shortly after pilocarpine-induced status epilepticus and these neurons died later (unpublished data). Furthermore, daily supplementation with antioxidant, i.e. coenzyme Q10, significantly reduced RNA oxidation and importantly also protected the mice from pilocarpineinduced seizure activity and neuronal loss. These results suggest that RNA oxidation may be an important contributing factor in the process of seizure-induced neuron degeneration and epileptogenesis.
Atherosclerosis
Atherosclerosis is a chronic vasculoocclusive disease characterized by intimal thickening, atheromatous plaques in the intima of the medium, and macrophage infiltration with endothelial dysfunction [109] . Atherosclerosis develops from low-density lipoprotein (LDL) molecules becoming oxidized by free radicals (the LDL molecule carries cholesterol throughout the body). Blood in arteries contains plenty of oxygen and is the site of atherosclerosis development. When oxidized LDL comes into contact with an artery wall, a series of reactions occur to repair the resulting damage. The body's immune system responds to such damage by sending specialized white blood cells (macrophages and T lymphocytes) which absorb the oxidized LDL by forming specialized ''foam cells''. However, these white blood cells are not able to process the oxidized LDL, and ultimately grow and then rupture, depositing a greater amount of oxidized cholesterol on the artery walls. Eventually, the artery becomes inflamed. The cholesterol plaque causes the muscle cells to enlarge and form a hard cover over the affected area. This hard cover causes narrowing of the artery, reducing blood flow and increasing blood pressure.
Oxidative stress plays a key role in the progression of atherosclerosis. Elevated oxidative damage to DNA has been reported in both human and experimental atherosclerosis [110, 111] . Substantial RNA oxidation has also been detected in smooth muscle cells and endothelial cells of human atherosclerotic plaques [112, 113] . The implications of RNA oxidation in atherosclerosis still remain unknown.
Other diseases
Increased RNA oxidation has also been detected in brain samples from patients with Down syndrome, dementia of Lewy bodies, prion diseases, subacute sclerosing panencephalitis and xeroderma pigmentosum [27-29, 31, 32, 114] , in urine samples from patients with hereditary hemochromatosis [115] , in rat skeletal muscle with aging and disuse atrophy [116] , in muscle cells of patients with rimmed vacuole myopathy [117] , and in human emphysematous lungs [118] . However, currently, studies on RNA oxidation are still limited to neurodegenerative diseases, while oxidative stress has been well characterized in a large spectrum of diseases and disorders of physiological dysfunction, e.g. ischemia, cancers, obesity, diabetes, inflammatory diseases, viral infections, chronic fatigue syndrome, kidney diseases, depression and AIDS. The role of RNA oxidation in these oxidative stress-associated diseases remains to be explored.
Conclusions and perspectives
In the past decade, we have learned that RNA is very vulnerable to oxidative damage. RNA oxidation is involved in a wide variety of diseases and is not a consequence of cells dying but an early event in pathogenesis. Oxidative damage to RNA results in disruption of the translational process and impairment of protein synthesis. From the study of SOD1 G93A mice, we have learned that RNA oxidation is an important contributing factor and not simply an epiphenomenon in the process of cell death. However, we are still in the early stages of understanding the role of RNA oxidation in the process of cell deterioration and cell death.
In our opinion, the following questions need to be answered in this field. How do cells handle oxidatively damaged RNA under normal physiological conditions? Is oxidized RNA degraded, repaired, or both? What are the repair/degradation processes and what proteins are involved in the processes? These are very challenging questions that require further research in order to move forward. One could isolate the repair/degradation complexes and apply protein microarray or proteomic analysis to identify proteins involved in the processes. Once such proteins have been identified, one could modify the handling processes by the knockdown approach, in cells or in animals, and study the consequences. When more information about how cells handle oxidatively damaged RNA is known, one could further ask ''is the capacity to handle oxidatively damaged RNA altered in the diseased condition?''. One could characterize the handling processes in animal models of disease, such as SOD1
G93A mice. One could analyze the proteins that are involved in handling oxidized RNA in post-mortem tissues from patients. Furthermore, one could enhance the handling processes or prevent oxidative damage to RNA from by a transgenic or pharmacological approach. Further investigation of the above-described mechanisms is necessary to better understand the functional role of RNA oxidation in the pathogenesis of various diseases. Finally, RNA oxidation is an early event preceding cell death, and might be a diagnostic target. Early diagnosis allowing treatment at the prodromal stage may prevent or slow disease progression.
